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that an on-wafer diode noise source is a con-
venient noise reference to calibrate the receiv-
er for measuring NPs of on-wafer transistors
directly. However, on-wafer diode noise
sources are highly mismatched devices and
their reflection coefficient varies significantly
between the hot and cold states. Therefore,
the previously proposed method2 to calibrate
the receiver cannot be applied, because it as-
sumes that the receiver noise-figure does not
change noticeably between both noise source
states. An on-wafer attenuator pad to achieve
a broadband matching condition is normally
introduced after the noise diode,3 but this
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An accurate knowledge of transistornoise parameters (NP) is essential tothe design of low noise amplifiers
(LNA). Before the NPs of the device-under-
test can be measured, the noise receiver must
be calibrated. Calibration consists of the de-
termination of the four receiver NPs. Conven-
tional calibration techniques require measure-
ments of noise powers presented at the receiv-
er input for a number of reflection coefficients
produced by a broadband tuner.1 However,
this technique is costly and time-consuming.
An alternate method2 permits determining the
receiver NPs from 50 Ω noise-figure measure-
ments, by using a commercial, well-matched
coaxial noise source. This method has demon-
strated an accuracy comparable to that ob-
tained by using tuner-based methods.
While a matched source is the noise refer-
ence most commonly used, it has been shown3
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This article presents a method for calibrating the four noise parameters of a noise receiver which does
not require a tuner. The method permits using general (mismatched) noise sources, which may present
very different source reflection coefficients between their hot and cold states. The method is applied to
the calibration of a noise set-up using on-wafer noise sources (a reverse-biased cold-FET and an
avalanche noise diode). Experimental validation of the receiver calibration and its application to the
determination of on-wafer FET noise parameters to 40 GHz is presented.
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lossy pad has the
drawback of re-
ducing the effec-
tive level of excess
noise ratio (ENR)
at the on-wafer
reference-plane.
Alternatively, this work presents a novel method to cali-
brate the noise receiver with a general (mismatched) noise
source and does not require a tuner, which adds flexibility
to the design of new types of noise sources, specifically on-
wafer noise sources. There is no restriction on the variation
of the source reflection coefficient between the hot and
cold states, and the receiver noise-figure need not be con-
stant for both noise source states. To verify the method, cal-
ibration results are compared to those obtained with a
tuner-based method,1 and the NPs of a passive semicon-
ductor device (common-gate, on-wafer, cold transistor) are
measured and the results are compared to those derived
from its S-parameters. The proposed method is used to cal-
ibrate the noise receiver with mismatched on-wafer noise
sources and applied to the determination of the NPs of
FETs. The experimental results are presented in two
bands, 2 to 22 GHz and 26 to 40 GHz.
EXPERIMENTAL SET-UP
Figure 1 shows the experimental set-up. It is a typical
configuration for the determination of on-wafer transistor
noise parameters, but without the inclusion of a tuner. It
consists of the following components: A VNA (HP8510C) for
calibration and measurement of the set-up reflection coeffi-
cients and the device-under-test (DUT) S-parameters; a test
fixture for inserting the DUT — a wafer-probe station
(SUMMIT-9000 from Cascade-Microtech) is used; three re-
motely controlled coaxial switches (SW) to select between
the lower and the upper noise measurement bands (2 to 22
GHz and 26 to 40 GHz, respectively), and between VNA
and noise measurements; two bias-tees; noise sources — in
this work, two on-wafer noise sources (OWNS) and one
coaxial (HP346C) noise source are used; a noise receiver
composed of a spectrum analyzer (SA) (HP70000 series), a
low noise amplifier (LNA) for the lower frequency band (2
to 22 GHz) to reduce the SA noise-figure, a low noise block
downconverter (LNB-2642-50 from MITEQ), which in-
cludes an input LNA to convert the upper frequency band
(26 to 40 GHz) into an IF range (5 to 19 GHz) within the SA
range, and an external detector connected to the SA 21.4
MHz IF output. All measurements are automated and con-
trolled with an external PC via GPIB.
METHOD FOR RECEIVER CALIBRATION 
WITH UNRESTRICTED NOISE SOURCES
Since the LNAs in the receiver front-ends are basically
unilateral devices, their scattering noise-matrix representa-
tion4 can be simplified by assuming that their equivalent
wave noise sources bN1, bN2 (see Figure 2) are uncorrelated 
Under this hypothesis, the receiver noise-figure FREC can
b b and bN N N1 2
2
1
2
0 0∗ =



 ≈
TECHNICAL FEATURE
HP8510C
COAXIAL
NOISE
SOURCE
HP346C
-K01
INPUT ADAPTER
Gadapter
ON-WAFER LRRM
CALIBRATION
1 20
0' 1' 2'
DUT
OWNS
LOAD
NOISE RECEIVER
LNB
2642-50
IF
21.4 MHz
HP70000
DC-22 GHz
2-22 GHz
26-40 GHz
SW2
SW1
SW3
Vgs Vds
DETECTOR
GPIB
Γ'S  ΓR
ΓOUT
ΓS
ΓREF
BIAS TBIAS T
s Fig. 1  Noise figure and noise parameter measurement system.
NOISELESS
RECEIVER
(S)
a1
b1
a2
b2
bn1 bn2
POWER
METER
t Fig. 2  Receiver equivalent wave noise
sources, bn1 and bn2
             
be approximated by5
where 
ΓS= source reflection coefficient
Since the LNAs are basically unilateral, it has been also
assumed in Equations 1 and 2 that S11 ≈ ΓR, where ΓR is
the receiver input reflection coefficient and S11, S21 are
the receiver S parameters. The impact of such hypothesis
on the determination of the receiver noise parameters (in
particular Fmin and Rn) is discussed later. Note that α(ΓR,
ΓS) is a quantity that only depends on the reflection coef-
ficients measured with the VNA. To determine the nor-
malized noise power wave 
the noise powers delivered to the receiver for two states
(hot and cold) of the noise source, PHOT and PCOLD re-
spectively, are measured. Then the following ratio R of
noise powers available at the plane 2-2' can be computed
where
µ(ΓR,ΓS) = mismatch coefficient that only depends on
reflection coefficients
ΓS_COLD = cold source reflection coefficients
ΓS_HOT = hot source reflection coefficients
Then, the power ratio R is written in terms of the receiver
noise temperature TREC = (FREC–1) T0, where FREC is
given by Equation 1 and T0 is the standard temperature
(T0 = 290K), as
where
THOT = noise source hot temperature
TCOLD = cold temperature (room temperature)
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From Equation 5, the quantity
is computed as
Using Equation 6, the receiver NPs are readily com-
puted assuming the same approximation made previously
for the receiver
where
Z0 = normalizing impedance
It is assumed in Equation 9 that the LNA has been de-
signed for minimum noise.
Note that, in contrast with previous methods2, signifi-
cant variations in the receiver noise-figure due to differ-
ent hot and cold noise source reflection coefficients are
allowed and taken into account in Equation 6 through the
quantity α(ΓR, ΓS) defined in Equation 2. Furthermore,
the noise device which provides the hot state temperature
(THOT) may be physically different from the device at cold
temperature (TCOLD). In this work, examples of calibra-
tion using on-wafer noise sources for the hot state and a
coplanar 50 Ω load for the cold state are given.
Finally, the receiver gain-bandwidth constant kGB
(where G is the receiver transducer gain for ΓS = 0, and B
is the noise measurement bandwidth) must be deter-
mined using
After calibration, the noise-figure of an arbitrary DUT
can be obtained as follows. The total noise-figure (DUT plus
receiver) for a measured reflection coefficient at plane 1-1'
(Γs') computed from the measured noise power P(ΓS') is
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where
ΓOUT = DUT ouput reflection
coefficient
Tf = physical temperature of the
source termination (typically,
room temperature)
GDUT= DUT available gain
The DUT noise-figure is obtained us-
ing Friis’ formula
Finally, assuming that the DUT is an
on-wafer FET, its measured noise-fig-
ure (Equation 13) is applied to deter-
mine the FET noise parameters using
the method proposed in reference.6
This method (so-called F50) is based on
the determination of the FET intrinsic
noise-matrix elements by frequency-fit-
ting the measured device noise-figure
for a known source reflection coeffi-
cient (usually a matched load at room
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temperature). It does not require a
tuner, and has demonstrated a good ac-
curacy up to 26 GHz.6
RECEIVER CALIBRATION RESULTS
The receiver calibration method
described in the previous section is
based on approximations in Equations
1, 2 and 9, whose impact on the calcu-
lation of the receiver noise parameters
must be assessed. To this end, the re-
ceiver noise parameters are measured
up to 26 GHz using the method pro-
posed here (Equations 3 to 9) and by a
tuner-based method.1 In both tests, a
noise-figure measurement system (HP
8970S) is used as the noise receiver
and a well-matched noise source
(HP346C) as the noise reference. The
tuner used in the second case is a
broadband device (NPTS-26, 2 to 26
GHz) from Cascade-Microtech. The
results, obtained in 15 measurement
sessions, are compared graphically on
the next page. The values displayed
are mean values at every frequency
(24 frequency points) over the 15 ses-
sions and their standard deviations (σ)
are also shown as error bars. The nu-
merical values displayed in Appendix
A are listed in frequency steps of 4
GHz. It is observed that the differ-
ences in Fmin between the two meth-
ods are small (the average deviation
over the 24 frequency points is 0.075
TECHNICAL FEATURE
dB), and are of the same order of
magnitude than the deviations for
each method between measurement
sessions. The main impact of the ap-
proximations made in Equations 1, 2
and 9 is observed in Rn (the average
deviation over the 24 frequency points
is 9.75 Ω), mainly in the lower fre-
quency region, where the approxima-
tion of Equation 9 does not hold in
phase. Also, the differences in Γopt in-
dicate that this approximation de-
pends on the frequency point and
LNA. In contrast, deviations in Rn and
Γopt for each method between mea-
surement sessions are much smaller.
In conclusion, the differences in Rn
and Γopt between both methods are
systematic, and cannot be attributed
to measurement errors, but to the
method. Figure 3 shows the mea-
sured receiver noise parameters.
The differences between methods
translate into errors in the determina-
tion of the noise-figure of DUTs 
(transistors). The error introduced is
(from Equation 13) ∆FDUT = ∆FREC/
GDUT. Therefore, for moderately high
gain DUTs (transistors), the impact on
the FDUT calculation from errors in the
receiver noise parameters is small. To
illustrate this point, Figure 4 shows the
total noise-figure FTOT (DUT + receiv-
er), where the DUT is a typical HEMT,
computed using the receiver noise pa-
rameters extracted with a tuner-based
method1 and the method proposed
here. The source reflection coefficient
Γ'S corresponds to real data from a well-
matched noise source (HP346C-K01).
Since only differences between the two
methods are considered, ∆FTOT = ∆F-
DUT. Typical differences are 0.2 dB.
The worst case at 2 GHz (0.7 dB) is
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relation matrix.6 The small sensitivity
shown by the F50 method to the re-
ceiver calibration method is due to
the redundancy in frequency and the
use of matched source states.
To verify the receiver calibration,
the noise-figure of a passive com-
mon-gate FET is measured (as previ-
ously suggested7). This is a non-favor-
able case since, according to Friis,
Equation 13, small errors in the mea-
surement of the receiver noise-figure
(FREC) are translated into large er-
rors in the measured DUT noise-fig-
ure (FDUT) when the DUT is a mis-
matched low noise device without
gain.8 The noise-figure of a passive
FET is measured using the calibra-
tion method proposed here and com-
pared to the noise-
figure computed
from the available
gain calculated from
its measured S-pa-
rameters. The coax-
ial noise source is
used as a noise ref-
erence. The mea-
sured results are
shown in Figure 6
and tabulated in
Table 1. The values
displayed are mean
values at every fre-
quency (21 fre-
due to the significant difference be-
tween ΓOPT using both methods. 
The differences in the extraction
of the noise parameters of the
HEMT due to the differences be-
tween receiver calibration methods
(tuner-based method and Equations
3 to 9) are evaluated in Figure 5 and
Appendix B, where the F50 method
proposed6 is used to determine the
FET noise parameters. It is observed
that the differences are very small for
Fmin and ΓOPT (less than 0.12 dB in
Fmin at 22 GHz and 0.5 percent in
ΓOPT). The difference in Rn is higher
(but less than 8.5 percent at 22 GHz)
because this parameter is somewhat
more sensitive to the optimization
performed to extract the intrinsic cor-
quency points) over six sessions and
their standard deviations (σ) are also
shown as error bars. The differences
range from very small (0.01 dB) to
moderate (0.41 dB), except in two
particular points (18 and 21 GHz)
where it is large (1.13 dB). In these
two points, the 2 to 22 GHz LNA
does not fulfill ΓOPT = ΓR∗, in partic-
ular with respect to the phase.
As a conclusion to this section, the
receiver calibration method pro-
posed, using Equations 3 to 9, is suit-
ed for the extraction of transistor
noise parameters, in particular when
the noise parameter extraction
method6 (F50) is applied, saving time
(fewer power measurements are re-
quired — only from ON/OFF noise
source states) and cost compared to
tuner-based methods.
USING ON-WAFER NOISE
SOURCES FOR RECEIVER
CALIBRATION AND FET NOISE
PARAMETER DETERMINATION
When using coaxial and wave-
guide noise-sources for measuring
noise-parameters of microwave and
millimeter-wave on-wafer FETs, the
noise-source ENR, known from man-
ufacturers’ data, must be translated
to the wafer-probe reference-plane
through an input two-port adapter in
order to calibrate the receiver. This
step requires the determination of
the adapter insertion loss (Gadapter)
from two calibrations performed with
a network analyzer: two-port on-
wafer (planes 1-1' and 2-2'); one-port
(OSL) at the noise-source (coaxial or
waveguide) port (plane 0-0'). The ex-
cess noise ratio (ENR') at the probe
plane (plane 1-1') is determined from
the known noise source ENR at
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TABLE I
NOISE FIGURE OF A PASSIVE COMMON-GATE FET 
MEASURED BY THE PROPOSED METHOD (NF) 
AND CALCULATED FROM ITS AVAILABLE GAIN (GAIN)
f NF σNF Gain σGain
(GHz) (dB) (dB) (dB) (dB) NF–Gain
2 3.25 0.07 3.23 0.03 0.02
6 3.69 0.11 3.68 0.12 0.01
10 3.38 0.14 3.72 0.05 0.35
14 4.10 0.15 3.95 0.06 0.16
18 2.15 0.23 3.28 0.06 1.13
22 6.09 0.29 5.68 0.09 0.41
                                        
plane 0-0' and the measured insertion loss of the input
two-port adapter
At millimeter-wave frequencies, the OSL calibration
uncertainty increases; therefore, the accuracy with which
insertion loss and translated ENR are computed de-
grades. Furthermore, since the adapter insertion loss in-
creases with frequency, the effective ENR at the wafer-
probe plane is reduced to unpractical values. A solution to
these problems is an on-wafer diode noise-source placed
at the wafer-probe plane. Since there is no input adapter,
the determination of diode ENR at the probe-tip does not
require an OSL calibration, but only measured noise-
powers and reflection coefficients ΓS, ΓR, determined
from the on-wafer calibration.
Two types of on-wafer noise sources have been consid-
ered and used here. First, a cold-FET (VDS = 0) with the
gate reverse-bi-
ased. The device is
a 0.5 µm gate-
length, 2 × 50 µm
gate-width DPD-
SQW HEMT
from the Foundry
of Fraunhofer In-
stitut, Freiburg,
Germany (FhG-
IAF). The gate
bias point is fixed
with a current
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source, close to the transistor breakdown point. This FET
is used in a common-source configuration and its gate-
source port is connected to the on-wafer reference-plane
2-2' as an inexpensive on-wafer diode. A commercial
avalanche noise diode chip (Noise-Com NC-406) wire-
bonded to the microstrip end (see Figure 7) of a copla-
nar-to-microstrip transition, Probe Point™ 1003 Adapter
Substrate from Jmicro, is used as a hot source. To deter-
mine the equivalent noise-temperature Td of every noise
device for a selected bias point, its noise power delivered
to the receiver Pd and its reflection coefficient (ΓS HOT)
are measured. Combined with the measured noise power
(PREF) and the reflection coefficient (ΓREF) of an on-
wafer passive well-matched reference-load, the following
expression is obtained for Td:
In Equation 15, TREC is the receiver noise-tempera-
ture evaluated for ΓREF and ΓS HOT, respectively, µ is the
mismatch coefficient defined in Equation 4 and ΓR is the
receiver input reflection coefficient. To compute TREC,
the receiver NPs previously determined from calibration
with the coaxial noise source (Equations 7 to 9) are used.
From Td computed in Equation 15, the diode ENR is
readily obtained. To reduce the uncertainty in this mea-
sured on-wafer noise source ENR, equivalent circuit
models for a cold-FET and an avalanche diode (including
their intrinsic noise sources) are determined from the
measured ENR and S-parameters (in the case of cold-
FET) or reflection coefficient (in the case of avalanche
diode), and their intrinsic noise current sources are fitted
with frequency using their smooth frequency characteris-
tic.9,10 Then, a final estimate of the ENR is computed
from the model. Figure 8 shows the final estimate of the
ENR and compares it to the measured ENR. Note that
the ENR values obtained are high at the on-wafer plane
2-2', ranging from 8 to 20 dB with the cold-FET and from
20 to 34 dB with the avalanche diode, depending on fre-
quency and bias point.
Figure 9 compares the receiver NPs measured with a
standard coaxial noise-source, to those measured with the
on-wafer noise-sources whose ENR has been determined,
using the receiver calibration method (Equations 3 to 9).
The highly mismatched on-wafer noise-sources are used
as the hot state, whereas a well-matched coplanar load at
room temperature is used as cold state. A good agreement
is obtained (agreement in the receiver Fmin measured
with the avalanche diode is within the coaxial-source ENR
uncertainty, ±0.34 dB at 40 GHz), demonstrating the ap-
plicability of the proposed calibration method to on-wafer
noise sources. 
Figure 10 shows an example of measured noise para-
meters of a PHEMT up to 40 GHz using the F50 tech-
nique6 and the receiver noise parameters, previously cali-
brated with both the cold-FET and avalanche diode noise
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sources. The FET noise-figure (F50)
is obtained by using the above proce-
dure (Equations 11 to 13). The re-
sults show very small differences by
using either of the on-wafer noise
sources.
CONCLUSION
A general method for calibrating
the four receiver noise parameters us-
ing unrestricted noise sources, which
does not require a tuner, has been
presented. Specifically, this method
allows very different hot/cold state
impedances, simplifying the design of
on-wafer noise sources (no lossy pad
after the noise diode is required). The
method makes some assumptions in
the receiver. The influence of such as-
sumptions in the receiver calibration
and the determination of FET noise
parameters (using the F50 method)
are studied through a comparison
with tuner-based methods. The re-
ceiver calibration is verified by mea-
suring a mismatched passive device
(common-gate FET). A reverse-bi-
ased cold-FET and an avalanche
noise diode are used as mismatched
on-wafer noise sources up to 40 GHz.
The four receiver noise parameters
are calibrated with the on-wafer noise
sources and the receiver calibration
method presented here, and applied
to the measurement of an on-wafer
HEMT noise parameter, using F50.
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TECHNICAL FEATURE
Fmin (dB)
f Tuner Equations 3 to 9 Difference
(GHz) Mean σ Mean σ (Mean)
2 6.35 0.02 6.41 0.06 0.06
6 6.51 0.05 6.45 0.06 0.06
10 6.76 0.05 7.07 0.04 0.31
14 6.94 0.05 7.17 0.04 0.23
18 6.71 0.08 6.79 0.08 0.08
22 7.32 0.07 7.28 0.08 0.04
26 9.06 0.13 9.07 0.11 0.00
Rn(Ω)
2 39.66 0.43 43.77 0.84 4.12
6 73.83 1.34 42.52 1.58 31.31
10 50.35 1.50 36.60 1.17 13.75
14 47.13 1.22 50.97 1.09 3.84
18 99.63 1.80 79.11 1.70 20.52
22 88.40 2.03 77.60 1.77 10.79
26 100.84 2.59 93.64 3.07 7.21
Γopt
f Tuner Equations 3 to 9 Difference
(GHz) Mean σ Mean σ (Mean)
2 0.24 0.003 0.02 0.001 0.22
6 0.17 0.008 0.19 0.005 0.02
10 0.23 0.009 0.17 0.012 0.06
14 0.13 0.008 0.02 0.005 0.11
18 0.27 0.002 0.25 0.002 0.02
22 0.15 0.014 0.18 0.017 0.03
26 0.15 0.020 0.06 0.010 0.09
∠ Γopt
2 133.17 0.69 –5.38 7.13 138.56
6 –30.83 1.54 –101.77 2.13 70.94
10 –119.39 2.36 –170.17 1.42 50.78
14 –168.33 3.29 –128.73 99.62 39.60
18 13.35 3.39 5.77 3.72 7.58
22 28.80 7.69 17.92 5.75 10.88
26 99.17 14.27 28.24 66.36 70.94
APPENDIX A: COMPARISON BETWEEN MEASURED RECEIVER NOISE PARAMETERS TO 26 GHz
f Eqs Eqs(GHz) Tuner 3 to 9 Diff. Tuner 3 to 9 Diff.
2 0.21 0.22 0.00 119.00 120.86 1.85
6 0.65 0.66 0.01 123.03 126.95 3.92
10 1.10 1.14 0.03 126.22 132.13 5.91
14 1.57 1.63 0.06 128.48 136.27 7.79
18 2.05 2.13 0.09 129.77 139.29 9.52
22 2.53 2.65 0.12 130.07 141.14 11.07
f Eqs Eqs(GHz) Tuner 3 to 9 Diff. Tuner 3 to 9 Diff.
2 0.98 0.98 0.000 6.53 6.55 0.02
6 0.94 0.94 0.001 19.49 19.56 0.07
10 0.91 0.91 0.002 32.08 32.20 0.12
14 0.88 0.89 0.003 44.10 44.26 0.15
18 0.86 0.87 0.004 55.39 55.58 0.18
22 0.85 0.85 0.005 65.86 66.06 0.20
APPENDIX B: NOISE PARAMETERS OF A TYPICAL HEMT TO 22 GHz COMPUTED USING THE F50 METHOD6
Fmin (dB) Rn (Ω) Γopt ∠ Γopt
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